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The shape  of the protein molecule changes completely when a  protein 
spreads  to  form  a  unimolecular film at  an  interface.  The  egg albumin 
molecule, for example, may be considered to be an ellipsoid in solution with 
a  major axis of 91  A.u. and a  minor axis of 32  A.u.  (10).  In the film it 
flattens out to a  thickness of only 8 A.u.  (4).  There are groups in native 
soluble egg albumin which do not react with certain reagents.  The  SH 
groups of denatured egg albumin give a  color reaction with nitroprusside, 
reduce ferricyanide, and react with iodoacetate in much the same manner 
as do the SH groups of cysteine (8).  In native egg albumin the SH groups 
do  not  show  these  reactions.  The  present  investigation  deals  with  the 
activity of the SH groups in thin films of egg albumin.  Information con- 
ceming the SH groups in the protein film throws light on two  problems: 
1.  In a large molecule such as that of egg albumin, 32 A.u. in diameter, 
many atoms will occupy inner positions in the elaborate structure.  The 
arrangement of the peripheral groups of atoms may be so compact as to 
constitute a barrier preventing contact between inner groups of atoms and 
many of the substances dissolved in the medium in which the protein itself 
is  dissolved.  There would,  according to this view, be an inter/or of  the 
protein molecule which is de~nltely less accessible to many reagents than 
the periphery of the molecule.  The structure of the protein molecule may, 
on the other hand, be so loosely knit that there is no significant distinction 
between peripheral and internal groups, at least in so far as concerns ac- 
cessibility  to  reagents  in  the  surrounding  media.  When  egg  albumin 
spreads at an interface the film of protein is so thin that there can hardly 
be  said  to  be  an "interior" of the molecule.  In  the film all groups  are 
on the periphery.  The protein  molecule in forming a film may be said to 
unfold.  If  groups  inactive  in  the  native  egg  albumin  molecule become 
active when a  film is formed, this is an indication that the groups have 
become exposed due to the unfolding process--an indication that the periph- 
eral groups of the native, nnch_~:aged, egg albumin molecule act as a barrier 
between reagents in  the surrounding solution  and groups in  the interior 
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of the protein molecule.  Evidence for the existence of such an interior is 
provided by investigation of SH groups in films of egg albumin. 
2.  The protein in the film is insoluble.  If the film of protein is rolled 
up and immersed in  the medium in  which it  had been  dissolved, it  no 
longer dissolves.  In this respect it resembles protein that has  been de- 
natured by heat, alcohol, acid,  alkali, urea, guanidine hydrochloride, and 
other agents, and it has indeed been suggested that the protein in the film 
is  denatured  (2,  9).  One  of  the  characteristics  of  denaturation  is  the 
appearance  of  active  groups.  In  the  denaturation  of  egg  albumin  the 
appearance  of  active  SH groups and the  formation of insoluble protein 
(insoluble in water at the isoelectric point) are integral parts of the same 
process.  The appearance of these groups in the film of egg albumin would 
indicate that this protein too is denatured; that when a film is formed the 
same fundamental change in  the protein occurs as when it  is heated or 
dissolved in  urea,  guanidine hydrochloride, or  Duponol.  Estimation of 
SH groups in films of egg albumin does in fact provide an insight into the 
whole process of protein denaturation. 
Method 
SH groups in the films are estimated by their reaction with ferricyanide. 
It  has  been  shown  that in neutral medium the quantity of ferricyanide 
reduced by egg albumin may be taken as the equivalent of the number of 
active SH groups present (7).  The quantity of ferrocyanide formed by the 
SH groups in a single protein film (of practicable area) would be less than 
can be estimated by methods now available.  For each experiment a great 
many films must be used.  These are easily prepared.  At the surface of 
an egg albumin solution there is always a film of protein and when the film 
is removed another forms.  By continually shaking an albumin solution, 
the films that form are constantly removed until eventually all the protein 
originally in solution is in the form of clumped together, insoluble films. 
In this way large quantities of "film protein" can be had.  The reaction 
between ferricyanide and film protein can take place under two different 
conditions.  In  one  procedure the  ferricyanide is  mixed with  a  certain 
quantity of clumped together film protein, previously prepared by shaking 
an albumin solution.  The finely divided suspension is constantly agitated 
to  promote mixing.  In  another  procedure ferricyanide is  added  to  the 
egg albumin solution before the film protein is prepared.  Then while the 
solution is shaken the ferricyanide is on the spot to react with each film 
while it  is  still  a  surface  film.  As  the  ferricyanide-albumin solution is 
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may be stopped by adding tungstic acid.  The quantity of ferrocyanide in 
the protein-free filtrate is then estimated.  In another sample of albumin 
the quantity of insoluble protein formed at that time is estimated.  In pro- 
cedure I, ferricyanide reacts with albumin only after it has been removed 
from the surface; in procedure II, ferricyanide is able to react with albumin 
while it still is at the surface. 
lCESULTS AND DISCUSSION 
It  can be  seen from Table  I  that when ferricyanide is present to react 
with the films of egg albumin while they are being formed (procedure II) 
the results are precise and definite.  The quantity of ferrocyanide formed 
for each milligram.of insoluble egg albumin is constant, although the time 
of reaction and the amounts of insoluble albumin vary considerably.  The 
quantity of ferrocyanide formed per milligram of insoluble albumin is the 
same at pH 6.9 as at pH 7.4, but more than at pH 6.6.  Less ferricyanide 
is reduced at pH 6.6 because some of the SH groups fail to take part in the 
reaction,  as  tests  with  nitroprusside  demonstrate.  The  tests  are  made 
on insoluble egg albumin that has been washed free of soluble egg albumin 
and ferricyanide.  When samples of precipitated egg albumin from experi- 
ments at pH 6.6,  6.9,  and 7.4 are tested with nitroprusside and ammonium 
hydroxide, in no case is a color obtained.  When the same tests are carried 
out in the presence of guanidine hydrochloride an intense color appears in 
the albumin from the experiment at pH 6.6 and only just detectable colors 
in the albumin from the experiments at pH 6.9 and 7.4.  It is characteristic 
of SH groups in general that the more acid the solution in which they are 
placed the less readily do they react.  It is also characteristic of an SH group 
that its hydrogen is readily displaced by mercury.  If mercuric chloride is 
added to  a  cysteine solution or to denatured egg albumin in  solutions of 
urea, guanidine hydrochloride, or Duponol, these solutions no longer reduce 
ferricyanide (7).  Nor do films of egg albumin reduce ferricyanide if mercuric 
chloride is present. 
The number of SH groups found in films of egg albumin (by procedure 
II) is the same as in egg albumin denatured by solutions of urea, guanidine 
hydrochloride, or Duponol (7).  Only in heat denatured egg albumin does 
the number of active SH groups seem to be different--0.5 to 0.6 per cent 
(8,  11, 6, 5,  1).  This apparent difference is due to a  curious oversight:  In 
egg  albumin  denatured  by  urea,  guanidine  hydrochloride,  Duponol,  or 
rendered insoluble  by surface forces,  SH  groups  are estimated while the 
denaturing agent is still present (that is to  say, estimations are made on 
albumin in a  solution of the denaturing reagent or on albumin actually at 728  SULPHYDRYL  GROUPS  IN  I~ILMS OF  EGG  ALBUMIN 
the surface),  whereas  in heat  denatured egg  albumin  SH groups are esti- 
mated after the  denaturing  agent is removed  (that  is to say, on albumin 
TABLE I 
Reaction of Ferricyanide  with Films of Egg Albumin 
Experi-  Time of  Precipi-  SH ~nOUpS 
ment  pH  Albumin  in solution  tated  Ferrocyanide formed  SH  No.  shaking  albumin  groups  insoluble 
albumin 
I  6.91 
rag.  per c~g 
mln.  rag.  rag.  ml  ~ystelns  cyst~ine 
0  18.5  0  0  0  -- 
360 
430 
510 
II  6.91  0 
13.5  0.000420 
13.6  5.0  0.000428 
13.5 
Av.  13.53  Av.  0.000424 
12.55  0.000497 
12.30  6.0  0.000460 
12.75  0.000497 
Av.  12.53  Av.  0.000485 
11.6  0.000557 
11.6  7.1  0.000557 
11.0  0.000537 
Av.  11.4  Av.  0.00055 
18.5  0  0  0 
0.051  1.02 
0.058  0.97 
0.066  0.93 
370  12.6  5.9  0.000464  0.056  0.95 
440  11.5  7.0  0.000540  0.065  0.93 
510  11.25  7.25  0.000568  0.068  0.94 
III  0  18.5  0  0  0 
6.56 
IV  7.44 
300  11.3  7.2  0.00047  0.056  0.78 
375  10.05  8.45  0.00061  0.073  0.86 
435  9.25  9.25  0.00063  0.076  0.82 
0  18.5  0  0  0  -- 
380  14.25  4.25  0.000332  0.040  0.94 
510  13.55  4.95  0.000405  0.0485  0.98 
630  12.55  5.95  0.000458  0.055  0.93 
that  has  been  allowed to  cool off).  If  SH groups  are  estimated  in  heat 
denatured  egg  albumin  while  the  albumin  is  being  heated,  precisely the 
same number of SH groups is found as when estimations are made in the 
presence of urea, guanidine hydrochloride, Duponol, or surface forces. 
In denaturation by heat, if the process is stopped while some egg albumin A.  E.  ~_RSKX  729 
still remains in solution, it is found that SH groups appear only in the al- 
bumin rendered insoluble, there being none in the albumin that was heated 
but not yet rendered insoluble.  In denaturation by urea SH groups appear 
only in the fraction of protein with altered solubility (7).  When films of 
insoluble egg albumin are constantly being formed, the fraction of albumin 
that  still  is  soluble  does not  reduce ferricyanide.  In  thermal  and  urea 
TABLE II 
Reaction of Ferricyanide with Films of Egg Albumin after They Ha¢e Been Removed  from the Surface. 
(Before Adding Ferricyanide the Albumin Had Been Shaken for 25 Hours and 63 Per Cent of It 
Had Been Coagulated) 
Temperature 0-1°C.; pH 6.9 
Time of reaction 
with ferricyanide 
]~f$. 
6½ 
20 
42* 
Soluble albumin 
fag. 
6.85 
5.5 
4.45 
Insoluble 
albumin 
rag. 
11.65 
13.0 
14.05 
Ferrocyanide 
formed 
~M 
O. 000342 
0.000572 
O. 000745 
SHgroups 
rag. tystelne 
0.41 
0.687 
0.895 
SH groups in 
insoluble albumin 
per te~ cyst~i~ 
0.35 
0.53 
0.64 
* Total SH in albumin at this time, obtained by heating to 85  ° for 10 minutes. 
0.00142 mM ferrocyanide was obtained.  This is equivalent to 1.7 rag. cysteine or 0.92 per 
cent. 
TABLE HI 
Reaction of Ferricyanide with Soluble Heat Denatured Egg Albumin 
Temperature 0-1°C.; pH 6.9 
Time of reaction with 
ferricyanide 
1 
5 
6 
8 
Ferrocyanide  formed 
0.00064 
O. 000828 
0.000865 
0.00087 
SH groups 
rag. oyst#/~ 
0.77 
0.993 
1.04 
1.045 
SH groups in albumin 
per  ce~  cystei~ 
0.415 
0.54 
0.56 
0.565 
denaturation and in the process of film formation, appearance of SH groups 
and alteration in solubility are integral parts of the same process. 
When ferricyanide reacts with films of egg albumin after they have been 
removed from the surface (procedure I, Table II) the number of SH groups 
(0.6 per cent) found is the same as in egg albumin denatured by heat and 
then allowed to cool before SH groups are estimated (Table III).  In both 
cases there is no sharp end-point to the reaction; it appears to continue al- 
most indefinitely, although  after some time at  a  much diminished rate. 
If at this time ferricyanide is washed away and the protein is tested with 
nitroprusside,  no  color reaction is  obtained.  Still  the protein  continues 730  SUL~I-YDRYL  GROUPS  IN  ]~ILMS OF  EGG  ALBUMIN 
to reduce ferricyanide, although very slowly indeed--as if SH groups were 
still present in the protein,  but not fully accessible to ferricyanide.  And 
there stil.1 are SH groups in the protein, for if the nitroprusside test iscarried 
out in the presence of guanidine hydrochloride an intense color is obtained. 
The  SH  groups  have  not  been  lost  by  oxidation.  The  unreactive  (or 
very sluggishly reactive)  SH groups of films of egg albumin removed from 
the surface and the SH groups of heat denatured egg albumin,  allowed to 
cool  off,  reduce  ferricyanide  rapidly  if  the  ferricyanide-protein  mixtures 
are heated to 85 °.  When egg albumin is denatured by a concentrated urea 
solution and the urea is subsequently diluted, the SH groups of the dissolved 
albumin no longer reduce ferricyanide rapidly  (as they do in concentrated 
urea,  the reaction being complete in less than  1 minute),  but in the same 
sluggish and incomplete manner as in albumin denatured by heat and then 
cooled.  1  When the albumin in such a dilute urea solution is heated or when 
urea is added to the solution the SH groups immediately reduce ferricyanide. 
The  properties  of egg albumin  denatured  by heat  and  urea  that  have 
just been briefly noted will be more completely described in another paper. 
They have been referred to in this paper because they show a  close resem- 
blance between surface films of egg albumin that have been removed from 
the  surface,  egg  albumin  denatured  by  heat  and  then  allowed  to  cool, 
and  egg  albumin  denatured  by concentrated  urea  solution  and  the  urea 
then  diluted.  There  is  also  a  close resemblance  between the  properties 
of films of egg albumin while they still are at the surface, albumin denatured 
by  heat  and  kept  heated,  and  albumin  in  solutions  of  urea,  guanidine 
hydrochloride, or Duponol sufficiently concentrated to cause denaturation. 
In the many different ways of denaturing egg albumin the two most char- 
acteristic changes in the protein are the loss of solubility at the isoelectric 
point and the appearance of SH groups.  These two changes also take place 
when a film of egg albumin is formed.  In a film precisely the same number 
of SH groups appear as when egg albumin is denatured; and when the films 
are withdrawn  from the surface, and allowed to clump together,  the same 
change in SH groups takes place as when the denaturing agent is withdrawn 
from denatured egg albumin. 
It is clear that the film at the surface of an egg albumin solution should 
l When  SH  groups  of  denatured egg albumin  disappear no  native  egg  albumin  is 
formed.  All of the protein is still insoluble in water at the isoelectric point.  That the 
amount of ferricyanide reduced by heat denatured egg albumin is increased by increasing 
the ferricyanide concentration or the time of reaction has been noted  by Anson (1). 
The  observations reported  in the present paper were made before the publication  of 
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be considered to be denatured.  Apparently the same fundamental change 
takes place when a film of egg albumin is formed as when albumin is modified 
by heat, urea, and other agents.  This would explain why the properties 
of a film of protein are not changed by heating to a temperature well above 
the temperature of denaturation of the same protein in solution (3);  the 
change wrought in dissolved albumin by heat had already taken place when 
the  61m  was  formed.  2  The  change in  configuration of the  egg  albumin 
molecule that occurs when a  film forms can in a  general way be  clearly 
described;  the  film, as  has been  said, is  only  8  A.u.  thick  whereas  the 
molecule in solution is an ellipsoid with a major axis of 91 A.u. and a minor 
axis of 32 A.u.  This change in configuration would explain why SH groups 
appear  in  egg  albumin.  Groups in  the  interior of  the  protein  molecule 
become exposed in a film and are thus able to take part in the reaction from 
which they had previously been shielded by the peripheral groups of the 
native protein molecule.  The egg albumin molecule unfolds when a  film 
is formed?  Unfolding, and uncovering of the interior of a molecule, may 
also be supposed to occur whenever the SH groups of egg albumin give a 
reaction with nitroprusside and reduce ferricyanide--as they do when egg 
albumin is  denatured by every agent that has  so  far been  investigated. 
In another paper direct evidence will be given for the unfolding of egg al- 
bumin in concentrated solutions of urea. 
Many SH groups in the films of egg albumin no longer reduce ferricyanide 
when the films are clumped together.  These groups have not been oxidized. 
They simply are  inaccessible  to  the  ferricyanide.  The  albumin  at  this 
time is in the form of a  suspension and (although the suspension is finely 
2  Dognon and Piffault who made the observation referred to (that a film of serum 
albumin heated to 70  ° is not changed) concluded that a thin film of albumin is not 
denatured by heat. 
s When the egg albumin molecule unfolds SH groups could conceivably react with 
ferricyanide for a reason quite different from the one that has just been given.  If two 
SH groups must react simultaneously  with ferricyardde  to give one S--S group, it must be 
supposed that the two SH groups are placed close together in the protein molecule. 
It may be that in the native egg albumin molecule SH groups are so far separated from 
each other that it is impossible for two of them to react with ferricyanide  to yield a S--S 
group.  Unfolding  would make possible the  reaction with  ferricyanide by  bringing 
SH groups close together.  This explanation is untenable because the  SH groups of 
native egg albumin do not react with iodoacetate, and in this reaction SH groups do not 
react  in pairs. 
It has also been supposed that SH groups do not exist as such in the native protein 
molecule, that during denaturation they are formed from S--S groups.  This  theory will 
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divided) this may seem to be a sufficient reason for the inaccessibility of some 
SH groups to ferricyanide.  Even in a  solution of egg albumin, however, 
SH groups may become inaccessible to ferricyanide.  This happens in  a 
concentrated  urea  solution  when  the  urea  is  diluted.  And  when  heat 
denatured albumin is  cooled its  SH  groups  become inaccessible whether 
the albumin is  dissolved or precipitated.  An explanation  for the disap- 
pearance  of SH groups  will be  offered in  another paper,  when the phe- 
nomenon itself will be more completely described. 
SIDo-c~y 
1.  The same number of SH groups reduces ferricyanide in surface films 
of egg albumin as in albumin denatured by urea, guanidine hydrochloride, 
Duponol, or heat, provided the ferricyanide reacts with films while they still 
are at the  surface and with the denatured proteins while the denaturing 
agent (urea, heat, etc.) is present. 
2.  The  SH groups  of a  suspension of egg albumin made by clumping 
together many surface films react with ferricyanide in the same sluggish 
and incomplete manner as do the groups in egg albumin denatured by con- 
centrated urea when the urea is diluted or in albumin denatured by heat 
when the solution is allowed to cool off. 
3.  The known change in configuration of the egg albumin molecule  when 
it forms part of a surface film explains why SH groups in the film react with 
ferricyanide whereas those in native egg albumin do not.  In the native 
egg  albumin  molecule groups  in  the  interior  are  inaccessible  to  certain 
reagents.  A film is so thin that there are no inaccessible groups. 
4.  Because of the marked resemblance in the properties of egg albumin 
in surface films and of egg albumin after denaturation by the recognized 
denaturing agents, it may be supposed that the same fundamental change 
takes place in denaturation as in film formation--indeed, that film forma- 
tion is one of the numerous examples of denaturation.  This would mean 
that in general the SH groups of denatured egg albumin reduce ferricyanide 
and react with certain other reagents because they are no longer inaccessible 
to these reagents. 
EXPERIMENTAL 
The reagents used have been described in a  previous paper  (7).  All experiments, 
unless otherwise noted, were done at 0 to 1  °. 
Procedure/.--In each of twenty-four 50 cc. glass stoppered pyrex bottles are placed 
0.20 cc. of egg albumin solution (containing 18.48 rag. of egg albumin), 0.10 cc. of a  1 M 
pH 6.9  KI-I~P04-K~tIP04 buffer, and 9.2  cc.  of water.  The  bottles are placed in a 
shaker making 240 strokes per minute.  The shaker is placed in a cold room kept at a A.  E.  m~SXY  733 
fraction d  a degree above zero.  Even after shaking for more than 24 hours only two- 
thirds  of the egg albumin is coagulated.  Shaking is done in the  cold to reduce to a 
minimum oxidation by the air  in  the bottles.  (Actually little  or no oxidation takes 
place.  After shaking in the absence of ferricyanide for 25 hours and then with ferri- 
cyanide added for 45 hours the mixture was heated to 85  ° for 10 minutes.  The quantity 
of ferrocyanide formed was the same as in a mixture heated at once, without any previous 
shaking.)  After shaking for 25  hours, 0.10  cc.  of 0.2 ~  ferricyanide is added to half 
of the  bottles  and  all  the  bottles  are  replaced  in  the  shaking machine.  At  various 
intervals  of time  four bottles  (two  with  and  two without  ferricyanide)  are  removed 
from the shaker.  In the mixtures containing ferricyanide the protein is precipitated by 
adding 0.3 cc. of 1 N H2SO4 and 0.1 cc. of a  10 per cent sodium tungstate solution.  The 
protein is filtered  off and the quantity of ferrocyanide is estimated,  as previously de- 
scribed.  To the albumin mixtures not containing ferricyanide 0.4 cc. of water is added 
and the suspension is then filtered.  The protein content of the filtrate is estimated by 
the  Kjeldahl  method.  From this  the  quantity  of protein  coagulated is  reckoned by 
difference. 
Comparison with Reduction of Ferricyanide by Heat Denatured Egg Albumin.--To 2 
co. of egg albumin solution are added 15.8 cc. of water and 2.2 cc. of 0.06 N HC1.  The 
solution is heated at 85* for 10 minutes and is then cooled in an ice mixture.  To 2 co. 
of this solution (containing 18.48 rag. egg albumin) are added 7.4 cc. of water, 0.1 co. of 
phosphate  buffer, and 0.1  cc. of 0.2 ~  ferricyanide.  These solutions of albumin and 
ferricyanide are shaken  (although they are perfectly clear solutions)  in the cold room. 
After various intervals of time to each sample are added 0.3 cc. of H2SO4 and 0.1 cc. of 
sodium tungstate.  Ferrocyanide is then estimated in the protein-free filtrate. 
Procedure II.--Ferricyanlde is present in one-half of the bottles from the beginning 
of the  shaking experiment.  Various  1 ~¢ KzHPO4-KH2PO4 buffers are used--at  pHs 
6.56, 6.91, 7.44.  In one experiment, with pH 6.91 buffer, 0.1 cc. of 0.1 M  mercuric chloride 
is added to each sample of egg albumin at the same time that the ferricyanide is added. 
In this  experiment  the albumin is  shaken for 10 hours. 
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